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SUMMARY

A wind-tunnel investigation was conducted in the Langley V/STOL tunnel to
determine the aerodynamic characteristics of a coaxial, counter-rotating helicop-
ter model with auxiliary jet propulsion. The model was tested at advance ratios
from 0 to 0.3 with and without auxiliary jet engine thrust, At each advance
ratio and engine thrust, both the control power and the aircraft stability were
measured.

The results indicate that there is a cross-coupling for collective pitch
and longitudinal cyclic pitch inputs. The control power for these inputs
increases with advance ratio. There is also a cross—coupling for differential
collective pitch inputs, The airframe is longitudinally unstable, but th=
instability is less at the highest advance ratio tested. The airframe shows
both positive effective dihedral and positive directional stability.

INTRODUCTION

Helicopter maximum flight speeds are limited by the ability of the rotor to
maintain a lift balance on the retreating side of the rotor disk where retreating
blade stall occurs., To maintain a lift balance, two co-axial counter-rotating
rotors may be used with the advancing blade of each rofor providing most of the
lift. In such an arrangement, the rotor system can be used primarily to provide
lift and an auxiliary propulsion system may then be used to provide the propul-
sive force. One such helicopter, described in reference 1, uses jet engines for
the auxiliary propulsion system. Research on jet VIOL configurations has shown
that the jet exhaust can have a significant effect on the control power of the
tail and the tail contribution to stability; a model of a coaxial counter-
rotating helicopter with auxiliary propulsion was tested in the Langley V/STOL
tunnel to determine the effect of jet thrust on stability and control. The
model was tested at advance ratios from 0 to 0.3 with and without auxiliary jet
engine thrust. The stability and control power of both the rotor and tail
surfaces were determined at simulated 1,0 g level flight conditions.

SYMBOLS

The symbols used for the physical quantities defined in this paper are
given in the International System of Units (S.I.) and parenthetically in the
U.S8. Customary Units. <Cecnversion factors for the S.I. system are presented in
reference 2, All measucements were made in the U.S. Custumary Units.

The axis system used in the presentation of the data is illustrated in
figure 1(a). The mment reference center was located 28.04 cm (11,04 in.)
below the center of the upper rotor hub,

-4
]
|
N
i



P
ey

| —
'

t

— e
'

)

i N
H

1
g e
[
[ omans . J
— g
[um———
— —
i

| ESN—
—

1

i

| P
[—"
v dan
f

[ ———
i

1
[——
i

3

Q‘ A rotor disk area, m2 (ftz)
ﬁ- Als rotor longitudinal cyclic pitch in the shaft axis system (see fig. 1(b))
i
%i Bls rotor lateral cyclic pitch in the shaft axis system (see fig. 1(b))
4
'%5 D
- CD drag coefficient, 3
13 A
E‘«j C drag coefficient with the rotor removed,
243 u,r.n. A
A "
- C horizontal force coefficient,———
2 H p AV
£ > T T
: %g CJ net thrust coefficient of the auxiliary thrust jets, -a-—::
F;::. 0
E L
1, C lift coefficient ,~—
1 L AV 2
4 r% PatVy
"1 C lift coefficient with the rotor removed, L
o L,r.o. qu
o _Mx
b 0% C, rolling-moment coefficient, prVTZR
-2 M
: X
s Cy rolling-moment coefficient with the rotor removed, -——r
-’!.i ,I'-O. qud
- My
;jfa Cm pitching-moment coefficient, —
& PAVL R
a- C pitching-moment coefficient with the rotor removed, ——
g m,r.o. qAd
. , c yawing~moment coefficient, ——M-Z——
S n 2
- p_AV_"R
| w T M
yawing-moment coefficient with the rotor removed, —Z_
g N,r.0. qud
¥ T
L] c rotor thrust coefficient, ——
4 oo VT
% F
{ C side~force coefficient, X
Y 2
pmAVT ;
C side force coefficient with the rotor removed, -—X—
Y,r.0. ™
D drag, N (1bf)
d rotor diameter, m (ft)
H horizontal force, N (1bf)
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horizontal tail incidence (positive trailing edge down), deg

lift, N (1bf)

rolling moment, N-m (lbf~in)
pitching moment, N-m (lbf-in)

yawing moment, N-m (1lbf-in)

q, free-stream dynamic pressure, Pa (lbf/ftz)
R rotor radius, m (ft)
T rotor thrust, N (1bf)
TJ auxiliary jet engine net thrust, N (1bf)
v, free-stream velocity, m/sec (ft/sec)
VT tip speed, m/sec (ft/sec)
o angle of attack, deg
B angle of sideslip, deg
T rotor control phase angle (see fig. 1(b)), deg
6R rudder deflection (positive trailing edge left), deg
Vwcosa
u rotor advance ratio,
Vo,
T
Py free-stream density, kg/m3 (slugs/ft3)
9 average rotor collective pitch angle at 0.75 R (see fig. 1(b)), deg
A6 differential collective pitch angle (see fig. 1(b)), deg
] rotor blade azimuthal position (see fig. 1(b)), deg
. Subscripts
Als partial derivative with respect to Als
Bls partial derivative with respect to Bls




1t partial derivative with respect to it

o partial derivative with respect to q

B partial derivative with respect to B

GR partial derivative with respect to GR '
A0 partial derivative with respect to A6 .
6 partial derivative with respect to 6

u partial derivative with respect to 1y

u upper rotor

l lower rctor

MODEL AND APPARATUS

The test program was conducted with a Froude-scaled model of an early
version of the aircraft described in reference 1 and was equipped with auxiliary
propulsion engines as shown in figures 2 and 3. 1In Froude scaling, the rotor
blade physical properties are chosen such that the deflections due to gravity
and airloads are geometrically scaled. The model tip speed is then reduced by
the square root of model scale; compressibility effects are, therefore, not
duplicated because of the reduction in Mach number.

The rotor system, control system, and rotor model were mounted on an
aluminum structural assembly which was, in turn, mounted on a six-component
strain-gage balance, The fuselage shell consisted of a number of molded fiber-
glass reinforced plastic sections attached to bulkheads on the main structural
assembly, The horizontal and vertical tail assembly was attached to the fuselage
tail cone and was equipped with actuators which allowed remote control of the
tail incidence and rudder angle. The auxiliary propulsion engine simulators
were mounted to the main structural assembly,

Power for the auxiliary propulsion engine simulators was provided through
two airlines to two compressed air ejectors mounted in nacelles located beneath
the rotor on the sides of the fuselage as shown in figure 2. The nozzle of each
engine simulator was fitted with four wall static pressure orifices and nine
total pressure tubes as shown in figure 2(b); the total pressure tubes were
arranged so that they were alined along the geometric centerlines of three
concentric equal-area rings. In addition, the two airlines were equipped with

remotely controlled valves which allowed individual operation of each simulator .

from the tunnel control room.

The model rotor blades were constructed of fiberglass reinforced plastic
applied to molded foam plastic cores. Table I provides a geometric description
of the blades,
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Rotor control was accomplished with an analog computer/controller utilizing
a closed-loop, high-gain feedback system. The controller was used in conjunction
with an on-line computer facility which provided real-time resolution of forces
and moments about the aircraft "flight" center-of-gravity position. Two unique
capabilities of the controller were the provision for in-flight variation of the
swashplate phase angle T, and programmable, time-varying collective and cyclic
control inputs which could be used to evaluate the rotor control power.

TEST AND CORRECTIONS

The tests were conducted in the Langley V/STCL tunnel which has a closed
throat test section measuring 4.42 m (14.50 ft) by 6.63 m (21.75 ft). All
testing at forward speeds was conducted in the closed throat test section at a
rotor height of 1,07 diameters. Hover testing was conducted in the open throat
test section at a height of 1,64 diameters. All testing was conducted at a
rotor tip speed of 88 m/sec (288 ft/sec).

Each engine simulator was calibrated separately on the model. The engine
thrust, measured on the balance, was calibrated against a reference exit dynamic
pressure (the difference of the averaged exit total pressures and the exit
static pressure). At zero net thrust (C. = 0), the exit dynamic pressure was
equal to the free-stream dynamic pressure. The exit dynamic pressure was biased
by the free-stream dynamic pressure vefore bein; used in the calibration.

The model was tested at four advance ratics: 0,0, 0.1, 0.21, and 0.31. At
each advance ratio, up to three auxiliary engine thrust levels were tested.
These corresponded to scaled values of flight idle thrust, an intermediate or
"trim" thrust, and maximum available thrust. At each advance ratio, the jet
thrust from the two engines was balanced at a desired thrust level. The rotor
controls and angle of attack were varied to provide zero moments and drag and
trim 1ift, Once the trim control settings had been obtained, the controls were
varied to obtain the rotor and tail control power at trim. The unique charac-
teristics of the control system were used in the determination of the rotor
control power. The rotor control was varied at a rate of 0.2 deg/sec for
10 seconds starting at 1° from the trim setting and moving through trim, and a
continuous data record was obtained., The angle of attack, angle of sideslip,
and forward cspeed were also varied to obtain the stability characteristics
at trim,

It should be noted that when the rotor provides the propulsive force
(low auxiliary engine thrust), the model is in a nose-down attitude. Similarly,
when the auxiliary engines provide the propulsive forc., the model is in a
nose-up attitude. Therefore, the effects of auxiliary engine thrust level will
include the effects of model attitude.

The strain~gage balance was calibrated with the two airlines in place to
account for the additional stiffness due to the airlines, Each airline was then
closed at the engine inlet and the airline pressurized. The loads, measured on
the balance, due to the pressure in each airline were used to correct the data
for airline pressure effects., The resultant balance accuracy was determined to
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be 0.5 percent of the balance full-scale loads. The effect of the model motor
cooling water hoses and transmission o0il lubrication hoses were determined by
loading the model with the hoses in place; this effect was also removed from the
data. Also, all data have been corrected for wind-tunnel wall effects using the
methods described in reference 3.

PRESENTATION OF RESULTS

The results of this wind-tunnel investigation have been presented in
coefficient form. It should be noted that the rotor-off results are nondimen-
] sionalized by free-stream velocity squared (dynamic pressure) and the rotor-on
I results are nondimensionalized by the rotor tip-speed squared. If the rotor-off
forces are multipled by u2/2, they can then be compared directly with the
rotor-on forces. Similarly, if the rotor-off moments are multipled by u2, they
can be compared directly with the rotor-on moments.

e

Propulsive force may be provided by the auxiliary thrust jets and/or the
rotor; therefore, there are numerous control combinations that would produce
"1g" level flight. The control positions and test conditions for each parameter
variation or run number are presented in the appendix. The results are
presented as follows:
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RESULTS AND DISCUSSION

Roteor Off

The longitudinal aerodynamic characteristics of the model with the rotor
and tail removed are presented in figures 4(a) through 4(c) for various auxiliary
engine thrust coefficients and three tunnel speeds. The data show that auxiliary
engine thrust caused an increase in the lift-curve slope and actually contributed
a small measure of stability to the Cp/C|, curve. The effect of the horizontal
tail on the longitudinal aerodynamic characteristics is shown in figures 5(a)
through 5(c) for a range of auxiliary engine thrust coefficients and for the
same three tunnel speeds. A comparison of figures 4 and 5 indicates that the
tail increased the airframe lift-curve slope significantly, and provided a
substantial stability increment, as expected. The addition of auxiliary engine
power moderately reduced the stability of the basic configuration and caused
some small trim changes, as expected.

Figure 6 illustrates the effect of tail incidences on the longitudinal
characteristics of the model for two thrust coefficients. The data of
figure 6(a) indicate that the horizontal tail as tested was stalled when the
tail angle of attack ( a + iy for the rotor off) was less than about -10°, but
that there was good control power available from the tail for deflections below
the stall angle. The significance of this characteristic will be more apparent
later in the report in the discussion of rotor-on aerodynamics.

The lateral-directional characteristics of the model with the rotor removed
are shown in figures 7 and 8 for the tail off and the tail on, respectively,
The data show that auxiliary engine thrust generally had a small effect on the
lateral characteristics, except at large angles of sideslip, where there was
some reduction in the directiovnal stability with the tail on at the lowest
dynamic pressure (q = 203 Pa). The data of figure 8 indicate that the horizontal
tail had a very large positive dihedral effect which was generally unaffected
by thrust.
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Rotor On

The rotor-on aerodynamic characteristics are presented in figures 9 thraugh
17 as listed in the section dealing with the presentation of results, and are
summarized as stability and control derivatives in figures 18 through 26, Since
the fundamental aerodynamic characteristics of the model can be evaluated more
easily in terms of derivatives than in the basic coefficient data form, this
discussion will be limited to the summary plots of figures 18 through 26,

The control capabilities of the coaxial rotor as a function of adyance
ratio are presented in figures 18 through 21 for variation in the collective
pitch -6, longitudinal cyclic pitch Ajg, lateral cyclic pitch Byg, and differen-
tial collective pitch A8, respectively., Data are presented for three auxiliary
propulsion thrust levels: flight-idle, trim thrust, which was representative of
the thrust required to trim the aircraft drag at the selected airspeed and
flight attitude, and maximum thrust, which was representative of the maximum
scaled thrust of a full-scale engine.

Figure 18 indicates that collective pitch variations affected both thrust
coefficient Cr and pitching-moment ccefficient C;, and that there was very
little coupling of the collective control power with the other four control
components. In addition, the collective control power increased significantly
with advance ratio, and the thrust-moment coupling remained essentially constant
with increasing advance ratio. Auxiliary engine thrust appeared to have only a
small effect at low advance ratio for all components, but there was an increase
in the collective control power effect on rotor thrust at the high advance ratio.

Figure 19 presents the longitudinal cyclic contruvl power 3/0Ajg as a
function of airspeed, and shows the same coupling effect that was observed for
the collective case., In fact, for the higher advance ratios, both collective
pitch and longitudinal cyclic pitch provide about the same level of pitching-
moment control power. The coupling of Ajg with Cp was less for the trim
auxiliary thrust level than for the flight-idle thrust level. This reduced
coupling might be explained by the lower angle of attack for the flight-idle
case which resulted in a tip-path plane tilted forward with respect to the trim
auxiliary thrust case, particularly for the high-speed condition. The control
coupling observed in figures 18 and 19 appears to be due to direct rotor effects
which arise from the complex longitudinal flow interactions of the two rotors,
rather than rotor downwash effects on the airframe.

The lateral cyclic control power 3/9Bjg 18 shown in figure 20 for the same
conditions as for the longitudinal cyclic control, The data show a modest
increase in control power with airspeed, virtually no control coupling, and very
small effects of auxiliary engine thrust,

One means of obtaining yaw control for a coaxial rotor of the type tested
in this investigation is to operate the two rotors at different collective pitch
settings so as to produce a torque imbalance. The results of using this technique
are presented in figure 21 and show the differential collective control power
0/9A06 as a function of alrspeed for hover and two advance ratios. The hover
data indicate that there was some control power available for yaw at zero
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airspeed, but that there was strong coupling with the rotor thrust coefficient.
The technique used for obtainlng differential collective was simply to displace
the two rotor collective pitch values equal amounts from some mean or trim
position; thus, it may be expected that considerable optimization could be
performed. As forward speed was increased, the yaw control power remained
essentially constant; the thrust coupling was somewhat reduced; and a very strong
roll ccupling developed. At the highest advance ratio tested, differential
collective proved to be a far more effective device for roll control than it was
for yaw control.

The control power of the horizontal tail 8/di. is presented in figure 22
as a function of advance ratio for two auxiliary engine thrust levels. The data
show the tail to have virtually no control power for advance ratios below about
0.22, but there is a sharp increase in control power above i = 0.22, These data
indicate that the horizontal tail was stalled below pu = 0.22, evidently as a
result of being immersed in the rotor wake at low air speeds. Increasing
auxiliary engine power tended to reduce the control ef{ectiveness of the horizon-
tal tail, possibly because of the presence of a low static pressure region in the
jet exhaust wake beneath the tail.

The control power of the rudder A/36g 1is presented in figure 23 and shous
the expected increase with Increasing airspeed. Increasing auxiliary engine
thrus: caused a slight reduction in control power, as was the case with the
horizontal tail,

The longitudinal stability characteristics of the model are shown in
figure 24 as a function of advance ratio for two auxiliary engine thrust levels.
The data show that the model as tested was longitudinally unstable thronghout
the range of advance ratios tested, but that the instability was significantly
reduced at the highest advarce ratio. There was a dramatic increase in the 1lift-
curve slope at the higher advance ratios, possibly due to the unstalling of the
horizontal tail at the higher speeds and to the increase in the rotor lift-curve
slope with forward speed. Increasing auxiliary engine thrust tended to be
destabilizing. It should be pointed out that, although the model was statically
unstable, there was adequate control power to overcome the instability with a
generous margin remaining for maneuvering control. Furthermore, it is suspected
that the tail stall phenomena observed in the investigation was primarily due to
the very low Reynolds number of the horizontal tail and may not occur under
full-scale conditions,

The lateral-directional stability derivatives are shown in figure 25 as a
function of advance ratio for twe auxiliary engine thrust settings. In general,
the data reveal a well-behaved configuration having positive directional
stability and positive dihedral effect (negative C;,). A comparison of the data
of figure 25 with the data of figures 7 and 8 indicate that approximately half
of the dihedral effect of the complete configuration is attributable to the
horizontal tail. As was true in the longitudinal case, auxiliary en~ine power
tended to be destabilizing.

The speed stability of the model is shown in figure 26 as a function of
advance ratio for two auxjiliary engine thrust settings. 7ha data show that the
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model was "speed-stable" for the conditions tested except for the low auxiliary
engine thrust case at high advance ratio, where a modest speed instability was

encountered. Increasing auxiliary engine power increased the speed stability,

and increasing speed was destabilizing.

SUMMARY OF RESULTS

The results of a wind-tunnel investigation of a model of a counterrotating
coaxial helicopter with auxiliary propulsion may be summarized as follows:

1. Both collective pitch and longitudinal cyclic pitch controi inputs
exhibit a cross coupling effect on pitching moment and thrust. The control
power increases with advance ratio,

2, Differential collective pitch control inputs exhibit cross coupling
effects on rolling moment and thrust,

3. The rudder is effective at all the forward speeds that were tested.
The horizontal tail was effective only at the highest speed tested.

4, The nodel is longitudinally unstable; however, the instability decreases
at the highest forward speed.

5. The model shows both positive effective dihedral and positive
directional stability,
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TABLE I. - DIMENSIONAL CHARACTERISTICS OF THE BLADES

o s e e i A e

1
Radial Station Chord Twist Airfoil
. . Thickness/Chord
cm (in.) cm (in.) Ratio
. 12.7 5.00 3.0 1.20 - L 1.000
; 15.7 65.19 3.0 1,20 - 1.000
; 21.1 8.29 6.4 2.52 - .480
25.7  10.13 9.1 3.60 5.00 .246
36.6 14.42 1,5  3.36 4,12 .204
40.6 16.00 8.3 3.28 3.80 .193
5.7 19.95 7.8 3.09 3.02 .165
61.6 24.2% /.3 2.86 2.17 .148
69.5 27.35 6.9 ¢.71 1.56 131
7o.7 30,20 6.6 2.59 1.00 .120
83.3 32,80 6.2 2.43 0 .120
89.4 35.20 5.9 2.32 -.93 .120
95.0 37.40 5.6 2.20 -1.78 120
100.1  39.40 5.4 2.1 -2.56 .120
104.8 41.25 5.1 2,01 -3,27 .120
106.7 42.00 5.0 1,98 -3.56 .120
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Figure L = Adis system used in presentation of data, Arrows denote directions

of forces, moments, and angles.
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(d) 4+ = 0,1, maximum thrust, run 74
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(0) B w 0,2, trim thrust, run 53
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1 e 0,3, trim thrust, run 88
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Figure 10, = Continued,

(b) g = 0,1,flight idle thrust, run 6L
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Figure 10, = Continued,
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(c) A» 0,1, trim thrust, run 38
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Figure 10, = Continued,
e

e o

T - N

B SUER— — e o - — [ ENRING ST AN I [T (UL ERG ISR SN § SN e e — o : i

e N le;l.u&,l.o‘l:n G DR TR U SRt IR AU St U S H I t N . 1 B

] : : . a}Wﬁ — . B

b .lﬁ'..»t e S T e TR S SUpUENI SPUUESIFEY SIS SR SOl VR - ! — ——t 3

) D e DURD ST S DA S S et Bt T s S e s e eyt S SR l ) 1 +
-
a

(d) 4 0,1, maximum thrust, run 73
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Figure 10, = Continued,

(&) A 20,2, trim thrust, run 51
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= Concluded,

() pm™ 0,3 trim thrust
Figure 10,
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(a) M= 0, no thrust, run 229
Figure 11, - Variation of airframe forces and moments with rotor lateral cyclic pitch,
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Figure 1L - Continued.
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Flgure 1L - Continued.
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Figure 1L - Continued,

(d) =0.2,trim thrust, run 52
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(e) == 0,3, flight idle thrust, run 77

Figure 11, - Continued,
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Figure 11 - Concluded,
i

(h =0,3, trim thrust, run 8
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Figure 12. = Variation of the airframe forces and moments with rotor differenti ' collective pitch,
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(b) m==0.1, flight idle thrust, run 64
Figure 12, = Continued.
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Figure 12, - Continued.

(¢) p==0.1, trim thrust, run a2
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Figure 13, - Continued,
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(c) =0,2, trim thrust
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Figure 13, = Concluded.
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